Abstract
These units are covalently anchored on the silica pore surface and possess a metal-tometal charge-transfer (MMCT) absorption with a tail extending into the visible spectral region. In the case of the material with anchored Zr-O-Cu I groups, excitation of the MMCT transition led to the reduction of CO 2 In this paper, we report a synthetic procedure for the preparation of binuclear TiOCo sites on the surface of mesoporous silica MCM-41. Optical and FT-IR spectroscopy revealed a visible absorption tail of the MMCT unit and furnished evidence for covalent anchoring of the Co center.
Experimental Section

Synthesis of Materials
Siliceous MCM-41 sieve was prepared using previously described hydrothermal synthesis method, 1 except that the aging time in the autoclave at 110 °C was increased from previous 2 days to 3 days in order to assure complete silica condensation. The Figure S2 ).
7,8
For the preparation of a bimetallic sieve in which the Ti and Co are kept isolated, the as-synthesized Ti-MCM-41 sieve with the capping cyclopentadienyl ligand still attached to the grafted Ti centers was used. As a result, it is expected that subsequent anchoring of Co II according to the method described above would not result in significant attachment of Co II at Ti sites, but mainly to the surface silanol groups as in Co XRD measurements confirmed retention of the mesoporous long range ordering ( Figure   S2 ). 7 A typical Co/Ti ratio of the material was 1.2 according to ICP analysis. dichloromethane was dried over 4Å molecular sieve activated at 400 °C; triethylamine (TEA) was dried over sodium. Ammonia (anhydrous) was obtained form Matheson Gas Inc. 7
Spectroscopy and Characterization
Optical spectra were measured on a Shimadzu model UV-2100 spectrometer equipped with an integrating sphere model ISR260. For measurement of mesoporous silica samples, the powder was pressed into a self-sustaining pellet and mounted in a home-built vacuum cell for diffuse reflectance measurements. 10 Barium sulfate was used as reference.
FT-IR spectra were recorded on a Bruker model IFS66V spectrometer equipped with 
Results and Discussion
Single Co II Centers Anchored in MCM-41
Established post-synthesis loading methods of Co II onto mesoporous silica result in extensive formation of Co oxide clusters, particularly when using aqueous solutions of the Co precursor. 11, 12 In order to achieve anchoring of isolated Co II centers while minimizing the formation of Co oxide clusters, we have explored a Co II grafting method using nonaqueous solutions of Co II complexes featuring labile acetonitrile ligands. 14 Spectra of octahedral and tetrahedral Co II in aqueous and acetonitrile solution, respectively are given in Figure S1 of the Supporting Information. 7 FT-IR spectra of as-synthesized Co II -MCM-41 material after evacuation are presented in Figure 2, Removal of the residual TEA (and HCl) was accomplished by calcination in air or under oxygen gas flow. As can be seen from Grafted Co II centers prepared by the method described above proved stable in aqueous solution. After repeated washing with water, a small blue shift of the visible ligand field peaks by 10-15 nm was observed, but no significant loss of intensity or change from tetrahedral coordination was noted (Figure 1 , trace c).
From inspection of the 1000-500 cm -1 infrared region of Co-MCM-41, it is not obvious whether modes associated with Co-O-Si linkages absorb in this region. Detection of these modes tends to be challenging because the corresponding bands are typically tens of cm -1 wide and may overlap with silica lattice absorptions; the asymmetric SiO 2 stretch extends from 1270 -970 cm -1 , the symmetric SiO 2 stretch from 820 -780 cm -1 .
Nevertheless, we have found recently that metal-oxygen bond modes can be identified by action spectroscopy. 1,2 In the case of Co-MCM-41, exposure of the sieve to NH 3 gas resulted in changes of the Co II coordination that revealed bands associated with Co-O-Si linkages. Figure 3a shows the difference spectrum of Co-MCM-41 after (minus before) exposure of the pellet to 3 Torr NH 3 and subsequent evacuation for 1 h at RT. 
Binuclear TiOCo Sites in MCM-41
Binuclear TiOCo II sites were assembled by loading the Co(NCCH 3 ) 2 Cl 2 precursor into calcined Ti-MCM-41 sieve as described in the Sect. 2. We anticipate preferential reaction of the precursor with TiOH groups because of the higher acidity of titanol compared to silanol groups as indicated by a red shift of the OH stretch mode. 24, 25 This may result in a higher proportion of bimetallic sites relative to isolated Co 14 In order to investigate the possibility of a hydroxo rather than an oxo bridge between the anchored Ti and Co centers, a TiCo II -MCM-41 material calcined at 350 o C was exposed to 3 Torr pyridine gas. Pyridine is known to convert quantitatively to pyridinium upon exposure to Bronsted acid sites such as bridging hydroxyl groups, giving rise to a characteristic infrared band at 1545 cm -1 . 31 As can be seen from the FT-IR difference spectrum of Figure According to a theory first laid out by Hush, aside from the reorganization energy, the MMCT transition energy depends on the ionization energy of the divalent donor and the electron affinity of the acceptor metal center. 36 As a consequence, other divalent transition metal ions oxo-bridged to Ti IV are likely to give rise to MMCT transitions absorbing in the visible as well because their ionization potentials are relatively close to each other. 37 In fact, a number of divalent first row transition metal titanates absorb in the visible. 34, 35, 38 The monotonous increase of the onset of the MMCT absorption band for 
